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Incrbduction and Summary

- As’ requested in a’ memo from Joseph Padgett dated April 35, l°77

:the CAC has done an. analy31s of the p0851ble excess lung cancer risk

, -n populations 11v1ng in the.v1c1n1ty of coke ovens. . There is very

subseantlal epldemlologlcal evidence that exposure to- coke oven

.

. s
emissions can inducevan excess risk of cancer in workers engaged in the

producclon of coke or 1n the manufac:ure of coal gas. This excess risk
is malnlv due to a hi@her than e\pec:ed death race from lung cancer and

to a much lesser extent from a higher than expected death rate from

cancers of the bladder, prostate, pancreas and large intestine.

There are major difficulties in predicting the cancer risk to

-populations living in the viecinity of coke ovens. The chemical com-

" position of emissions from coke ovens is exceedingly complex, These

effluents do coetain known certinogens, particela;ly those belonging to
the class of polycyclic organics. However, by analogy with eigarette
smoke, the overall carcinogenic effaect of the mixture may be greater
than-tha; ascribible to identified carcinogens. As the emissions move
away from the coke ovens, it is possible that the chemical composition

and the associated carcinogenic potency of the material may change

signiiieantly.' The best that can be done under the circumstances is to

'.use-enfindibato:-such'as'benzene—soluble organics (BSO) as a guide to

the exposure of populations living near coke ovens. Unfortunmately,
there are no animal inhalatien studies with coke oven emissions and
consequently no evidence on the extent to which dilution and aging

of emissions affects its carcinogenic potential or the most appropriate

indicator to use for carcinogenic effect.
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Fufthermcre, there nrevno=cpideniological studies of the cancer
e\posure of populacions living near coke. ovena or gas works. as a
ba31s for. estlmating the magnltnde of the éxcess cancer risk, although
_such StLleS would necessarlly prov1de cnly a crude measure of the
carclnogenvc effects of coke oven emissions.
2 , o

In the analysis.presented here, we have used the data from a
-series cf.acudiea by Lleyé,_Redncnd,_ﬁazumdar and cc-workers. (1-4)
| cnjcancer mcftality'inlrelation to ESQ exposurea in-coke oven workers
and-otherbworkers in t&e steel industry. ‘inis epidemiological dose-
response data for lung cancer islextrapolaten on the btasis of a linear
non—threshol@ dose~-response relationship to provide estimates of the
excess risk of lung cancef in populations living ac various distances
from coke ovens. iThejequsuce~estimates and the size o?.the population
groups.are‘caken from an'aSSeasment by the Stanford Research Institute
(7). The Qalidi:y of .the exposure zssessment is outside the CAG's purview.

The risk assessment fer lung cancer is summarized in Table 4. The
number of people "exposed to coke oven emissions is on the order of
fifteen million. About fourteen million people have a lifetime excess
lung cancer risk of about 6 chances in 10,000. About one million have
a Iifetime.excesa'iung cancer risk of 1 chance~in 1,000. The remaining
100, 000 people have a lifetime excess lung cancer risk which ranges from
>about 2 chances 1n a 1000 to 6 chances in 1000 dependlno on where they

Liveu' Without any significant coke oven exposure, the lifetime chance

of dying of lung cancer is 3.29%. For the 100,000 highest exposed people,
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there is a.0.3% to 0.6% excess chance of aying of lung cancer.
?drﬁtﬁgﬂtgsc>df the ls‘milliog pésple the excess is about. 0.1%.
The:tggal‘huﬁger offexéess:lung éancer deaths: is about 150 éaseé
._per'Yééra : |
'fhéseigééimates~§h§uid.Se regér&ed aé”crﬁde-and probably

conservative; i.e., on the high side.

)
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. . Estimated Risk Models Based on Steel Workers'
' Exposure to Coke Oven Emissioas

N A(sefies=of studies by Lloyd, Redmond, Mazumdar; and co-workerslr&

has ésﬁabLishé&la strdng.feiaéidnship.between the total exposure to coke
ovenseﬁiésionéfand aniincreased'fisk of death.due.to lung caﬁcer.

“ "'Landﬁ in an OSHA heériﬁg on coke oven standards used the most up-
ﬁo-daﬁe summary of che data based on:the cited studzés to estimate risk
to coke bven.workersf These data were supélied to EPA and were further
sﬁmmarized'énd'adjﬁsced'in-a-manﬁérbshéwn and expléingdxin Table 1.

‘ These: data represent changing exposures to individuals over seg-
ments of their life spans with an observation of mortality over a dif;‘
ferent‘andf at least, partially overlapp;ng additional segment of their
life spans. From this fragmented type of data, we wish to predict the
effect of a constaat exposure over éhe individual's entire life span to
the probabiliéf_of the individual's ultimate death being aﬁe to lung

cancer.

Weibull Model

To obﬁain a lifetime probability estimate, it is necessary to
relate the ”iﬁscancanédus probabilicy” of death due to lung cancer to
exposure and age. Followiﬁg Armitage and Dolfswe assume that the instantane-

. ous’probabilicy of death may be exﬁressed as

hy(c) = y(a + 8xM e’
where t is the age of the individuai, x is the level of exposure, and
Y, ¢, B and m are unknown pafameters to be estimated from the data shown

in Table 1.

The parameters were estimated using weighted nonlinear least
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squares where the weights were taken equal to the person-years of obser-
vation. This resulted in estimates

L]

¥y = 3.76984 .

. ,27750 x 107

24
1

,19248 x 10°%0

w
1]

L)

2
0

1.21110

Often for theoretical reasoms the parameter m is taken as an
integer, giving an approximate "m-hit" model. If we restrict m = 1, the

best ficting integer, we have:

y = 4.32324
@ = .2142 x 1070
8 = .63192 x 107t

In Appendix I the lifetime risk of lung cancer and the expectead

lifespan were derived, giving

& L me
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respectively. The only unknown term is 9 , the term for non-lung-cancer

y

deaths. We can estimate p' in the following manner. The median survival

time may be expressed as n where
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whefe x'iag_ia thia éase; the:natiqnal’average ambiant expoSgre. In the
SRI Report7roa7aoka o§eﬁ»ex@oaura, iﬁtis,astimated that the BSO levels .
arers | - |

4.20'inici:ias concaining'coke-ovens

3.75 in cities not,cantaining coke ovens

.95, in rural areas

Assumlng a locational dlstrlbutlon of the average American of
0%, 657 and- 25/, respectxvely, in the chree areas, the naticnal average

is estimated as x = 4.2(.1) + 3.75(.65) + .95(.25) = 3.095, so that

o =222y 4 a(3.005)7]

65.36"

where 65.36 is the medlan.llfe span of the U S. nonwhite male based on

l97l.V1tal Statlstics_s' The term pY

is esclmated to be 9.60347 x lOfg,
- vhem m = 1, and 9. 65501 x 10 -8 when @ = L3,
Substz:uting che estimated parameCera into the rlsk and expected
lifecima equatlons, welobtaln the results shown in Table 2, column 1.
Howe§er, this equacionais really stfictly applicable only to a

small subset of the U.S. population, namely the black northern male who

was healthy enough to have a physically demanding job such as that of a
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steel worker. fhis;is t:ue since these are essentially thé.charactcris-
ﬁics that ché sample of Qorkérs in cﬁe epidgmiologicél SCudy‘possesses.‘
-in méking‘a ptedictioﬁ abOu;-the>effect:of coke. oven emissions on the
U.é. population:iﬁ general,voﬁe-can.either gse-the:equation'based on this
_higﬁly‘nonrandbm sample or attémpc'to extfapolate the equation in. some
‘reasonable ménner chthe U.S? population.. 4

Method for Adjusting Equations for One
Population to Apply to Another

For small exposures, x, the lifetime probability of a tumor may

be expressed as

m
Q@) = —— + Bx
«+ pof

aﬁ-_oY

In this case the relative ratio of total to "non-BSO-caused'" tumors can

be obtained by dividingﬂQz(m) by af(a + QY), giving
m.'
R= 1+ 25
a

I1f we assume that this ratio is constant between race-sex-ragion, etc.,

then

elw

1
:splnq'J
H
<D

where 8.n and a . are national rates. If we denote the national rate as

Qn(w)-due to national average exposure of xn,'we have that



-8~

Q) 2 P = — i
N no° - ; Y m. Y
L % ¥ B'nxn: I + 'exn,+ pn/ ®a

. The Eefm<Qn(¢) can be calculated-fromeitai Scétistics by the segmented

model discussed in Appendix I. . Assuming Q=) to- be known, we solve for

the unknown

¥ I :
S . S Sl wee® ' e
s | aﬁ; ‘ Qﬁﬁm?- 31 1+ exn .

Thus the»adjusted“lifetimé probability of an individual randomly
selected from the U.S. population exposed to a level x of BSO may be

written as

3

: : 1 ox™
. 13 : +
Q.(®) = 1 + O8x Ltfs 1+s
2 1 +6x" + 5 1+ me
' 1 + s

Using 1971 Vital Statistics for total U.S. population, ICD Code
160-163,-for respiratory system cancer rates, we calculated that Qn(“) =
.0343. However, since lung cancer ICD 162 makes up only a fraction,

~6§,617/72,é981=';9413, of the total respiratory cancer in 1971, the
adjusted rate is estimaced to be Q (=) = .033 x .9413 = .0323. Thus
wé.estimaCe s ='(iO323-l - D¢+ 3.09Sm6), and the equations for ﬁhé

" national average are obtained by substitution of the appropriate terms

and are shown in'Table 2, column 2.

Under the assumption that the fratticn (En) of total average life
span lived, given the same exposure, is the same for black males and the

totél general population, we have that



E = Eﬁ_(a,+3x: +0' /o +px" + oy /Y

-'-g where ﬁ;Lis53;0951and-Eﬁ.is'calculated to be i0.96; The expected life
jspaﬁzéquatidns:are.de:ived by substituting thg_appfopriate nuhericaL_

~ values into the equations and are shown in Table 3.

Effects of Coke Oven Emissions om U.S. Population

. In the tecén; SRI Report, ekposurelof the U.S. population to coke
oven eﬁiésiﬁné.éas—esciﬁaCedr The number of people in an ekpésure gradi-
ent is givén in columns Ll and 2'in Table 4 and is taken from the SRI
Report. The lifetime probabiiit? and the éverage length of life are
also shown in Table 4, basad on the equations in Tables 2 and 3 where
the case m = 1, general U.S. population, was used. The other terms were
obrained by simple éﬁithematic.in an obviously straigltforward manner,
where leﬁgth-of & life-span is assumed to be 70.96 years. It is esti-
maﬁed chét about .2% of all lung cancer deaths per year are due to coke
‘oven emissions.

It would be possible to generate tables similar to Table 4
using the other three equations; however, the results would be only mar-
ginally different.
- One potential critigism;of the use of the Weibull Model is that,
unlike other :ypes.of-cancéz,.the Iﬁng cander'races_héve a éendency Eo
fl;;cen othdr évén‘drbp for éi&er ages. However,:wﬁile.this does appear
to bg thevcase in the low expoéure groups, iﬁ does not in tﬁe highly
‘ éprsed'group. Aiso as noﬁed b§'Cook, et al.9 this fiﬁttening
>appears to be éxplainable by a,ndnuniform historical exposure to envi-

ronmental carcinogens and could be expected to. follow the power law in

the future if exposures were constant.

A
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A.potentlal’method that could be used to overcome this AIEEICUICY
"~ is to assume that the tocal lung cancer rates, hz(t), are made up of two
"cémponents: 'at? a~raca;gf aq age gohqrt which is not Weibull; aﬁd et,
which is. We write - |

h2c;_ a:.+ et a, + v8x Tc_

LR Y

S e ewae el o th .
__ where.a  is the nonexposed rate for the ¢ o interval and Tt.ls the average
age,of‘individua131in the tth interval. We are given the rates

e 4+ va(3 095y PpT-L
T, ac,+_(8(3.095) T,

from 1971 Vital Statistics tables so that we estimate
@ =r - y8(3.095)"r "t
R - - e’
and the total rates given an environmental exposure of x arz

= Y-1
hy, =T, * Y8BT, (x" - 3.095™)

Using the constant segmented model discussed in Appendix I, the
increased lifetime probability where x = 10.9, m = 1, total U.S. popula-
tlon, is calculated to be 6. 7 x 10 3. This is very close to 6.04 x 10-3,
the value calculated for the full Weibull model. Thus it does not appear

that the fall of cancer. racas for high age groups has a major impacc on

overall lifetime perabllLty of luno cancer.,



TADLE 1

SUMMARIZED DATA. OF STEEL. WORKER
EXPOSURE TO COKE OVEN EMISSIONS

Defined: .- "Lung Cancer . Person- ‘During ~ Average

. Average Age Lifetime.

Age at  Group ‘ Rate/Year . ‘years of  Observation E\posure
Entry  Dose Range X 10’ - Observation Period to BSOS
25-34 - Not 'exposed  13.4 22,045 36.4 4.2
o oe9s 3Lz 3,202 . 35.1 20.5
100-199 - 0. . 2,638 36.0 67.2 .

 200-299 . 9%9.0 . . 3,030 36.3 109.1

300+ - 130.6 3,062 37.7 160.5

35-44.  Not exposed 4.7 16,277 - 46.3 4.2
0-149 0 2,388 45.2 28.4

150-299 67.2 2,976 46.1 82.3

300-499 110.0 2,727 46.1 130.1

450+ 246.7 2,027 B S 201.5

45-54  Not exposed 150.4 - 11,306 55.8 4.2
0-249 65.5 . 1,527 55.3 47.9

250-449 - 234.5 1,706 - 55.9 107.4

450-699 258.9 1,545 56.0 169 .4

700+ 601.5 1,330 56.2 263.3

55-69 - Not exposed 70.0 5,713 64.9 4.2
0-249 203.7 491  65.6 43.7

250-449 167.8 596 64.9 89.8

450-749  558.7 716 64.5 160.5

9 681.7

750+ - -2,222.2 450 85.

%Units are the sum, for all Jobs,bof the products of the mg/m of BSO

'in the air assoc;ated w1:h the job and the length of time in months worked

at the Job._

b L .
The term t is the average age at the start of the observation period
+ 1/2 total years observed + total number of individuals alive at the
start of the observatlon period.

The term x is the total mg/ﬂ -months * total months lived by the end
of the observation period ¢ fraction of year spent on the job + 4.2 = che
background BSO levels in cities contalnlng coke ovens, Units are ugm/m

BSO.
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TABLE 2’

LIFETIME PROBABILITY OF LUNG CANCER GIVEN
AVERAGE EXPOSURES OF x pgm/m3 OF 3SO

Population

General U.S. Population

Case Black-Urban-tiale
o 02164 + .0D006438x 02966 + .0008824x
T + .0006438x 1 + .0003524x%
02794 + .0001938x+ 211 03147 + .0002183xL -2ttt
m = 1.2111 e

1 + .0001938x

1 + .0002183x" 212

K




TABLE 3

EXPECTED AVERAGE LIFE SPAN GIVEN AVERAGE
LIFETIME EXPOSURE TO x pgm/m3 OF BSO.

: Population
Case Black-Urban-Male - ‘ Total U.S, Population-
) | |
o= 1 | 109.907 | ) 120,408 -
. (9.81589 + .0063192x) " 2313 (9.81589 + 0063192 23101
119.663 ~130.492 .
m = 1.2111 . - — . : ’
(9.93251 + .0019248x 1211128526 1} (g 9355) 1 ong1z4gyt-2T1Y) 26526
at - ‘




TABLE 4~ ESTIMATED EFFECTS OF COKE OVEN EVISSIOHS ON U.S. POPﬂLATION UNDER
WEJBULL PROZABILITY MODEL WMERE “KIT' PARAHETER“ =) AND ADJUST lE?TS
FCR TOTAL, PO?ULATlON RATES USED

[

Y = Number of People - Lifetime Increase In | Given Coke Oven . No. of Luné'Cag:".er“
Expcsura to in Exposure Group - Probability of tung Cancer ! Enissfons Caused - Death/Yr. Due To
5¢) in/-(gm/m3 T Lung Cancer Due to Coke Lung Cancer Average - Coke Oven Erissions
CIaAir ’ . Oven Emissions . Yrs. of Lifespan Lost .
Seckground=3.75  ~--m---m-ie 03206 R ‘ R R
§.50 13,500,000 - .03350 6.37 x 1074 SR P31 S 125.0
5.50 1,035,600 © _ ,03435 149 x10°3 . 12.% : 22.0
"6.50 54,600 . 03519 2.33 x 1073 12.39 1.8
7.20 7780 0604 3.18 x 1073 RO P .4 _
8.50 2,420 03689 4.02 x 103 L12.43 ‘ - Y
. \ .
10.50 1,800 .03890 6.04 x 1073 12.44 _ .2
Total=149.5/Yr.

G



-15-

Keferences*

1.

_Lloyd J W., Lundln F E Jr., Rednond C.K. al.: 'Long_term

mortallty study of steel workers. IV Mortality by work area.
J. Occup.. Med. 12: 1151-157, '1970

Lloyd J.W.r Long term mortality study of steelworkers. V.
g . . ) : o

Respiratory cancer in coke plant workers., J. Occup. Mad. 13:

53-68.  1971 

Redmond C.XK., Cxocco A., Llcyd J.W. ., and Rush . W Longfterm
mortallty study of stee-workers VI. Mortality from malignant
neoplasms among coke oven workers. J. Occup. ted. l4: 621-629.

1972

- Mazumdar S., Redmond C.K., Sollecito W. and Sussman N.: An

' épidemioldgicgl study of exposure to cocal tar piteh volatiles

among coke oven wofkers. J. Air Pollution Control Assn. 25:
382-389. 1975

Land C.E.: Presénzation for OSHA‘hearings on coke oven standards,
May &4, 1976

Armitage,_?. and Doll R: The.age distribution ¢f cancer and

a multi-stage theory of carcinogensis. British J. Cancer, Vol 18:

o L1=12, 1954

. SRT draft report by Suta B.E. Human population expoéﬁres to coke

aven atmospherlc emissions, June 1977



" 8 L

~16-

U.S. Dept. of Health Educatlon and Ielfare: Vital Statistics of

1. the United Scates, 19/1 Vol II——Horcallty: Par; A. Supt. of

'(1969), po 93-112

;-Documents, U.s. Covt Printlny Office " Stock No. 017-022-00378-3

: Cook P. J., Doll R and Felllngham S.A.: A aathematigal model

for the age dlstrlbutlon of cancer in man, Int. J. Cancer, 4

-*
-



-17 -
COKE OVENS
. APPENDIX. T

- ESTIMATION OF LIFETIME RISK OF DEATH AND YEARS
OF LIFE LOST DUE TO A SPECIFIC CAUSE

-

General Aporoach

The.estimation of the lifegime pfobabili:y of a ﬁisease in the
présencé of competlno causes~of deach and the resultlng llfe—shortlng of
the d¢sease is a problem that has. recemved con51derable attention. Chiang
(1968, pp. 242~68) has given a general solution to the problem using stan-
dard methods in competing risk analysis.l Gail kl975% using these methods,
derives explicit "figures of merit" for measuring the bengfit of reduced
exposure to environmental carcinogens. |

Follow1ng Gail, we define the following functious:

Sl(c) s P {survive to 2 t/c1 is only cause of death}

Sz(t) = P {survive to 2 t/c2 is only cause of death} ,

where cy and <, make up all causes of death. The hazard function or age~
specific or instantaneous death rate is denoted as hl(c), hz(t), respec-

‘tively, for causes-of.deatb~c -and e5. Under the usual assumptioas of

1
- independence of cl;and.cz_the-tocal probability of survival until time t
| and the total hazard from both causes are:  S(t) ='Sl(t)52(t);
h(t) ?hl(t)'f hz(t), respectively and

t

-/ n(u)du

S(ey =¢ ©



It can be readily sthn that the lifetime probability of dying of

~:cause ﬁz is”
.i,,QZG”X.=7f'hZ(t)S(c)dtm
e o . o

and the expected survival time or lifetime is

i $7= / S(ﬁ}h(t)tdc.'

Thus, given the specific functions.hl(t), hz(t); the quantities of inter-

'esthz(”) and E can be readily derived:.
For two common assumptions concerning the form of hl(t), hz(c),

the terms<Q2(W),_E.are obtained in the next two sectioms.

_ e
Constant Sezmeﬂféd Model

Often the hazard or age-specific death rate is assumed to be con-
stant over different time intervals but to change at-interval boundaries.

Formally, let us assume the entire life span is broken up into m mutually

exclusive segments or intervals and the hazard functions are defined as fol-

lows:

—

; Time7¢ncerv§l' :‘ hl(t); | tht) h(t)
0-5 %11 _diz- '°‘1
- ' 2 %21 %22 %2
-1 T 5 %) P J
a-1 ;°° 0‘;1 ar:u2 °‘:m




‘This 1is the situation where age-specific rates are estimated from narrow
_ age intervals of typically 1 to 10 vears.
- In this case, the function S(t), tj 1 S¢5

=t

Bt = S R o
o -t o -£ o du ';_{(t-ti~l)§j + kzl(tk-ck’l)aka
e =8(t, )~ e = e 4
o j=1 } - : .
so that | -
’ Cm T ~(e-e, p)e,
Qy (=) =’;le(cj-l) t‘f %, e - dde
J j-1
. S ( .-(%-%_Raﬂ :
=-j§ls(cj_l) 1-e Ayl

This lifetime probabiliry may be viewed intuitively as the sum of
the probability of m mutually independent events, namely of dying of the

specified disease in the specified time interval. Each of these m proba-

bilities is the product of three probabilities:

1. Probébility of death due to cause <, given tﬁac death occurred

. .th .
in the j  time interval:

Py, =y e, v I
13- ZJ/ it R L s

given survival up

2. Prdbability 0of death between time cj and tjél

A

to time £, .:
j=-1

3. Probability of survival until time tj—l:
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- j=1
_ - =L ;§1<tk T G-
Py, =8(t, ) = N (1-P,) =e : -
. 3;_( R S R A
By'ééf;n?tlén'Lc fo#lowsf:hac“P3lv=‘l, E?m‘? ;,.and
: o m - . A .
Q) = jzl?ijpéj?sj" S ’

: -'Thefexpected'life~épan¥undgr the segmented model may be expressed

as

o 73 -(t—cj_l)aj
E = -Z.S(c"l):‘[ o8 (e-ts_)de
%fl . [, ,(;J-c -l)aj} %
= S(e, L ~-e ' a,= ) P P, . /o,
EH 1 o /.J_.i=l 257 33'%3.
i
= P .P,.P,./a
j=1 1372573 2

Weibull Model

Doll (1972) and others have pointed out that the Weibull distribu-
tion often fits time- and dose-dependent carcinogen response data. One
- form of ;.generaiizedAWeibull model is to assume that

: o t N

ho(t). = y(u + 6xm)cY )
where t is the age of the individual, x is the level of exposure to a
carcinogen and vy, o, 8, m are unknown parameters to be estimated from the

data.  If we make the additional simplifying assumptiom that the noncancer

cause of death <y is also Weibull in form with common parameter Y, then



h'l__(e) = YQYC;Y--L

and the quantities of interest are-

Q) = ‘?Y(ﬂa + gyl (e w e + o))
o ‘

= G BT 8 e o)
and

0 )
E = IY(C‘\ 4= 8:{ + QY)C
o

- b} Y. .Y
Yo (e + Bx" + p))t de

=T+ l/Y)/(a'+ Bx™ + pY')_l/‘f '
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